To colonize the host and cause disease Staphylococcus aureus requires iron. The most abundant iron source within vertebrates is hemoglobin. Staphylococci capture hemoglobin and subsequently import and degrade heme using a series of proteins known collectively as the iron-regulated surface determinant (Isd) system [1] . The Isd system consists of 10 proteins, which act in concert to acquire iron from hemoglobin ( Figure 1A ) [1, 2] . The current model for Isd-mediated heme capture proposes that IsdA and IsdB are anchored to the cell wall by sortase A and are localized to the bacterial surface [1, 3] . IsdC is embedded within the cell wall and is covalently anchored to peptidoglycan by a dedicated sortase B [1, 2] . IsdB binds hemoglobin and removes heme from the protein backbone of hemoglobin [1, [4] [5] [6] [7] . IsdB then rapidly passes heme to IsdA, which transfers it to IsdC [5, 6, [8] [9] [10] . Multiple IsdC molecules are suggested to pass heme across the cell wall and deliver heme to the membrane transport component IsdE [5, 6, 11, 12] . The kinetics of heme binding and unidirectional transfer have been extensively studied using mass spectrometry, ultraviolet-visible spectrometry, magnetic circular dichroism spectrometry, nuclear magnetic resonance, and X-ray crystallography [5-7, 9, 13-18] . IsdH is another protein that binds hemoglobin and heme in vitro [18, 19] . Despite significant amino acid similarity to IsdB, IsdH does not appear to be required for hemoglobin binding and hemoglobin-derived iron acquisition in vivo [4] . It is possible that IsdH contributes to hemoglobin binding at low concentrations or to binding of hemoglobin-haptoglobin complexes. Membrane-localized IsdE allows for heme passage into the cytoplasm, where heme is degraded by the heme oxygenases IsdG and IsdI to liberate iron and form staphylobilin [15, [20] [21] [22] [23] [24] [25] [26] . Consistent with the importance of heme-iron acquisition to the pathogenesis of staphylococcal infections, inactivation of isdA, isdB, isdC, isdG, or isdI reduces bacterial proliferation within the host [3, 4, 21, [27] [28] [29] .
In contrast to the significant amount of information regarding heme relay between the Isd proteins, hemoglobin capture has not been studied in detail. Binding of hemoglobin and removal of heme are carried out in vitro by distinct domains within IsdB called NEAT1 IsdB and NEAT2 IsdB , respectively ( Figure 1B) [5, 7, 18, 28, 30, 31] . NEAT1 IsdB is required and sufficient to bind hemoglobin, whereas NEAT2 IsdB is required and sufficient for heme binding [7, 28] . Biochemical and crystallographic analyses of NEAT1 from IsdH (NEAT1 IsdH ) have identified a sequence of consecutive aromatic residues within IsdH that is required for hemoglobin binding in vitro [18, 31] . However, differences exist between the residues that are predicted to bind hemoglobin within NEAT1 IsdH and those found within NEAT1 IsdB ( Figure 1C) .
We have previously found that IsdB binds human hemoglobin with a higher affinity than hemoglobin from other species and that mice expressing human hemoglobin (α H β A ) are more susceptible to S. aureus infection [29, 32] . These results suggest that specific hemoglobin binding by IsdB is required for iron acquisition. To directly test this hypothesis, we first interrogated the role of NEAT1 IsdB in hemoglobin binding to S. aureus in vivo and identified the residues that are required for hemoglobin capture. Using a strain expressing an IsdB point mutant that is deficient in hemoglobin capture, we demonstrate that hemoglobin binding activity of IsdB is required for heme extraction, iron acquisition, and virulence in α H β A mice. Together, these results establish the Isd system as a physiologically relevant heme-iron acquisition system within S. aureus and elucidate the role of hemoglobin binding by IsdB in the function of the Isd system.
MATERIALS AND METHODS

Bacterial Strains and Construction of isd Gene Knockouts
All experiments were performed using the S. aureus strain Newman or mutants generated in its background. Newman ΔisdA::tetM (H734) and Newman ΔisdB::ermC were constructed previously [1, 16] , whereas Newman ΔisdC:km (H833) was constructed as described here. Briefly, isdC was polymerase chain reaction (PCR)-amplified and cloned into the plasmid pBC SK(+). A kanamycin resistance determinant was subsequently inserted into isdC, and the Pwo PCR-amplified fragment was inserted into pAUL-A. Recombination with the S. aureus chromosome was performed as described elsewhere [33] . Strains mutated for isdA, isdB, or isdC were complemented in trans using a plasmid expressing isdABC from their native promoters ( Figure 1C ). The resulting plasmid was named pJS019 and maintained through addition of 5 µg/mL chloramphenicol. Point mutations were generated by Pfu mutagenesis and confirmed by sequencing.
Hemoglobin-dependent Growth
The utilization of hemoglobin as an iron source by ironrestricted S. aureus Newman, and its isogenic isd mutants, described above, was assessed using freshly prepared human hemoglobin. In brief, erythrocytes were pelleted by centrifugation and washed 3 times in 3 cell pellet volumes of sterile saline. Erythrocytes were then lysed in 50 mM Tris pH 8.6, 2 mM EDTA. The supernatant from the lysate was collected following centrifugation. Stroma were precipitated through the addition of 50 mg/mL of NaCl and removed via centrifugation. The resulting supernatant was removed and dialyzed overnight against buffer A (50 mM Tris pH 8.6, 1 mM EDTA). Following dialysis, the hemoglobin solution was filtered and purified through anion exchange on a Mono Q HR 16/10 column (GE Healthcare) by running a gradient where buffer B consisted of 50 mM Tris pH 8.6, 1 mM EDTA, 0.5 M NaCl. The resulting fractions were dialyzed twice into 50 mM Tris pH 8.0 and filter-sterilized. Aliquots were stored at −80°C. Single, isolated colonies of S. aureus were resuspended in 120 µL Roswell Park Memorial Institute (RPMI) medium supplemented with 1 µM of the iron chelator ethylenediamine-di (o-hydroxyphenylacetic acid) (EDDHA, LGC Standards GmbH). One hundred microliters of the colony resuspension were used to inoculate 2 mL of the same media, and cultures were grown for 8-10 hours, until OD 600 was approximately 1. The precultures were normalized to an OD 600 of 1 and subcultured (1:400) into 2 mL of the same media with hemoglobin supplied as a sole iron source. Cultures were incubated at 37°C in 14-mL round-bottom polypropylene tubes, shaken at 200-220 rpm. A path length correction included in the Gen5 microtiter plate software (Bio-Tek) was applied such that the absorbance values are comparable to the 1-cm horizontal path length of standard spectrophotometers. See supplement for method B.
Mapping isdB Genetic Variation Across S. aureus Genome Projects
Three thousand two hundred and seventy-seven raw sequencing project submissions isolated primarily from clinical specimens were downloaded from the public National Center for Biotechnology Information (NCBI) Sequence Read Archive (SRA) on 10 January 2013. These were mapped against the S. aureus strain N315 reference genome (GenBank ID NC_002745) using BWA short read aligner [34] , and single-nucleotide polymorphisms (SNPs) were called using Genome Analysis Toolkit (GATK) [35] . The SNPs within the isdB genes of all these strains were extracted using a custom Perl script.
S. aureus Hemoglobin Binding Assay
Hemoglobin purification and coprecipitation was performed as described elsewhere [29] . ΔisdB-pOS1-isdB was grown in the presence of 10 µg/mL chloramphenicol to maintain the plasmid. Solubilized hemoglobin was subjected to 15% SDS-PAGE. Proteins were transferred from the gels onto nitrocellulose membranes, which were immunoblotted with a rabbit α-hemoglobin antibody at 1:1000 dilution (Santa Cruz, SC-21005) followed by an α-rabbit secondary antibody conjugated to a fluorophore at 1:25 000 dilution (Alexa Fluor 680 goat anti-rabbit immunoglobulin G [IgG](H + L)). Fluorescent signal was detected using an Odyssey infrared imaging system (LI-COR). IsdB was detected as described elsewhere [1] .
Heme-transfer Experiments
Recombinant IsdB (rIsdB) was expressed and purified as described elsewhere [1] . Prior to measurements, rIsdB was subject to a final purification step by gel filtration (Superose 12, GE Healthcare). Human hemoglobin was purified from blood as described elsewhere [31] . Conversion to met-hemoglobin for heme-transfer assays was achieved by addition of 5-fold molar excess of potassium ferricyanide followed by buffer exchange into 20 mM sodium phosphate pH 7.0 over Sephadex G25 (GE Healthcare). To measure heme-transfer, 1.5 µM met-hemoglobin was mixed with 6 µM IsdB in 150 mM sodium phosphate pH 7.0, and spectra were obtained in the range of 700-350 nm every 40 seconds at 4°C (Jasco V630 spectrophotometer). Heme transfer rates were calculated from spectral change at 406 nm fit to single or double-exponential expressions. Absorbance was normalized to the starting condition.
Systemic Mouse Infections
Infections were carried out as described elsewhere [29] . Animal experiments were approved by the Institutional Animal Care and Use Committee of Vanderbilt University.
RESULTS
Components of the Isd System Are Required for Growth on Nanomolar Concentrations of Human Hemoglobin
To determine whether individual components of the Isd system are required for growth in the presence of hemoglobin, growth assays were performed in media that were supplemented with human hemoglobin as the sole iron source. Wild-type S. aureus and its isogenic isd knockout mutants were grown under ironrestriction and subcultured into media containing human hemoglobin at concentrations ranging from 5 to 100 nM. Five nM hemoglobin was found to be insufficient to support growth of any strain, with the exception of ΔisdA (H734) complemented with pJS019, which exhibited minimal growth at 36 hours ( Figure 2 ). The addition of 10 nM hemoglobin promoted growth of the wild-type and complemented mutant strains but did not promote growth of ΔisdA (H734), ΔisdB, or ΔisdC (H833). Increasing the hemoglobin concentration to 20 nM facilitated more rapid and robust growth, where ΔisdA (H734), ΔisdB, and ΔisdC (H833) were still strongly deficient in hemoglobin-dependent growth relative to the wild-type. The addition of hemoglobin at concentrations at or above 100 nM promoted the growth of all strains and reduced discernible differences between the wild-type and isd knockout strains ( Figure 2 ). Using an alternative method, it was shown that in contrast to wild-type S. aureus, ΔisdB, ΔisdC, ΔisdG, and Δis-dGΔisdI mutants are unable to proliferate in hemoglobin as an iron source (Supplementary Figure 1A) . Similar results were obtained when free heme was added as a sole iron source (Supplementary Figure 1B) .
In summary, we have demonstrated that isd mutants are defective in iron uptake using heme or freshly prepared human hemoglobin as the iron source, and that this requirement for Isd components is only markedly demonstrable at nanomolar concentrations of heme/hemoglobin.
Conserved Residues Are Required for Hemoglobin Binding to S. aureus
IsdB is the primary hemoglobin receptor of S. aureus; however, the residues required for IsdB-mediated hemoglobin capture have not been defined. To test the role of NEAT1 IsdB in hemoglobin binding, we transformed a mutated version of isdB, which lacks the NEAT1 domain (isdB ΔNEAT1), in trans into S. aureus ΔisdB. This resulted in a strain that exclusively Figure 2 . Hemoglobin-dependent growth of Staphylococcus aureus Newman WT, its isogenic isd mutants, and corresponding complemented strains. Strains were cultured in RPMI chelated with 1 μM EDDHA and 5, 10, 20, or 100 nM of human hemoglobin was supplied as the sole source of iron. Culture densities were assessed at 12, 24, and 36 h by determining OD 600 . Data shown are representative of at least 3 experiments, where samples were performed in quintuplicate and error bars represent standard error of the mean. Statistical analysis was performed using a 2-way analysis of variance coupled with Bonferroni post hoc tests where the wild type was set as the comparator; a, P < .001; b, P < .01, and c, P < .05. expresses IsdB ΔNEAT1 ( Figure 3A, third panel) . Using a similar approach, we created strains of S. aureus that express a series of alanine substitution mutants within the predicted hemoglobin-binding motif of NEAT1 ( Figure 3A) . Hemoglobin binding assays revealed that IsdB ΔNEAT1 is unable to capture hemoglobin at the surface of S. aureus ( Figure 3A) . This is consistent with a previous report demonstrating the requirement for recombinant NEAT1 IsdB for hemoglobin binding in vitro [28] . In addition, alanine substitutions of phenylalanine 164 (F164A) and tyrosine 167 (Y167A) result in complete abrogation of hemoglobin binding ( Figure 3A) . In contrast, substitutions of glutamine 163 (Q163A), histidine 166 (H166A), and serine 169 (S169A) result in milder defects in hemoglobin binding. The observed reductions in hemoglobin binding were not due to uneven gel loading, differences in the expression level of IsdB, or reduced surface expression of IsdB ( Figure 3A , lower panels and Supplementary Figure 2) . These results demonstrate the requirement for the NEAT1 IsdB domain in hemoglobin capture by S. aureus and identify specific residues that are critical to this process.
The specific residues within NEAT1 IsdB and NEAT1 IsdH that bind hemoglobin are similar but not identical ( Figure 1C) . To test if the residues involved in hemoglobin recognition by IsdB and IsdH are interchangeable, we substituted the individual residues within IsdB for corresponding amino acids of IsdH (F164Y; Y167F; A168F). Residues 164 and 167 were also swapped (F164Y, Y167F), and the hemoglobin-binding motif of IsdB was substituted for the corresponding motif of IsdH (FYHYA164-168YYHFF). Binding experiments demonstrated that all of the above substitutions, with the exception of Y167F mutation, resulted in abrogation of hemoglobin binding by S. aureus ( Figure 3B ). These data indicate that the unique sequence within NEAT1 IsdB is required for hemoglobin binding by S. aureus.
To investigate the pattern of natural genetic variation in the isdB gene we mapped data from 3277 public S. aureus whole genome shotgun projects downloaded from the NCBI SRA database (Figure 4) . Nonsynonymous mutations were highly nonrandom in their distribution, with clustering in 2 regions (approximately between residues 36-127 and 459-564). Most importantly, the critical residues in the NEAT1 IsdB region between 164 and 168 did not contain mutations in any of the 3277 strains. This suggests that there is selection across S. aureus to maintain hemoglobin binding proficiency. 
Hemoglobin Binding Is Required for Heme Transfer to IsdB
To investigate the effect of mutations in the hemoglobin-binding NEAT1 IsdB domain on heme transfer, UV-visible absorbance spectroscopy was employed ( Figure 5A ). Mixing wild-type IsdB with met-Hb leads to rapid changes in absorbance ( Figure 5 ), characteristic of heme transfer from met-hemoglobin to IsdB. All tested IsdB mutations cause a reduction in the rate of spectral change, indicating reduced heme transfer ( Figure 5B and Table 1 ). The Q163A, H166A, and FYHYA164-168YYHFF mutations result in 15-20-fold reductions in heme transfer rate compared to wild-type rIsdB. Transfer rates to rIsdB Y165A are approximately 50-fold slower than for wild-type rIsdB. As this mutant shows no detectable interaction with hemoglobin, the slow heme transfer is likely to be the result of simple heme dissociation from Hb, followed by uptake of heme from solution by rIsdB Y165A [6] . Because NEAT1 does not contribute to heme binding to IsdB, this effect is not due to a reduction in heme binding [28] . Overall, these results indicate that mutations in NEAT1 IsdB that reduce hemoglobin binding also slow down heme transfer from hemoglobin to NEAT2 IsdB , suggesting that direct interaction between hemoglobin and the hemoglobinbinding domain of IsdB is essential for efficient heme extraction.
To assess the contribution of hemoglobin binding by IsdB to iron acquisition in vivo, we generated a chromosomal mutation of isdB, resulting in a tyrosine 165 substitution for alanine (isdB Y165A ). IsdB Y165A is expressed from the chromosome at the same level as wild-type IsdB; however, it does not bind hemoglobin to the surface of S. aureus (Supplementary Figure 1C) . To assess the impact of this mutation on iron acquisition, the growth of wild-type, isdB Y165A , and ΔisdB was compared in the presence of hemoglobin (Supplementary Figure 1D) . Although the wild-type S. aureus proliferated in the presence of hemoglobin, both ΔisdB and isdB Y165A were deficient in growth. These data indicate that hemoglobin binding by IsdB is required for heme extraction from hemoglobin and growth on hemoglobin as a sole iron source. Figure 6 . isdB Y165A pathogenicity in a systemic murine model of infection. Seven week-old female α H β A mice were retro-orbitally infected with approximately 1 × 10 7 CFUs of Staphylococcus aureus. Ninety-six hours postinoculation the mice were killed. The number of CFUs in (A) kidneys, (B) heart, and (C) liver was quantified by serial dilutions followed by plating on growth media. D, Weight loss was quantified by weighing the mice before inoculation and after death. Error bars denote standard deviation. Asterisks indicate statistically significant differences as determined by Student t test (P ≤ .05). Abbreviation: CFU, colony-forming unit. Hemoglobin Binding Is Required for Virulence S. aureus strains lacking isdB are reduced for colonization in murine models of infection [3, 4, [27] [28] [29] . Due to the increased specificity of S. aureus for human hemoglobin compared to mouse hemoglobin, we have established transgenic mice expressing human hemoglobin (α H β A ) as an enhanced model of S. aureus infection [29, 32] . To test whether IsdB-mediated hemoglobin capture is required for proliferation within the host, we systemically infected α H β A mice with wild-type, ΔisdB, or isdB Y165A . Infection with ΔisdB and isdB Y165A resulted in a nearly 100-fold decrease in the number of colony-forming units (CFUs) isolated from the kidneys and hearts of infected mice ( Figure 6A and 6B). Consistent with a previous report, we did not observe a difference in the number of CFUs isolated from the livers of mice infected with either of the strains ( Figure 6C ) [3] . Further, mice infected with isdB Y165A or ΔisdB lose significantly less weight than mice infected with wild-type bacteria ( Figure 6D ). Taken together, these data indicate that hemoglobin binding by IsdB is required for hemoglobin-derived iron acquisition and virulence.
DISCUSSION
Due to the requirement for iron by virtually all forms of life, this element often plays a decisive role during host-pathogen interactions. Within vertebrates, most iron is intracellular, bound to host proteins, and enclosed within the protoporphyrin ring of heme. S. aureus acquires heme-iron from hemoglobin in a series of steps that involve binding of hemoglobin to the bacterial surface, followed by removal and import of heme into the bacterial cytoplasm whereupon heme is either degraded to release free iron or incorporated intact into bacterial hemoproteins [1] . The process of iron acquisition from hemoglobin in S. aureus is carried out by the iron-regulated surface determinant system [1] .
Numerous studies have assigned heme import and degradation functions to the individual Isd components [1-14, 16-26, 28-31] . However, the wealth of literature on the contribution of the Isd system to hemoglobin/heme-derived iron acquisition was challenged by 2 recent reports [36, 37] . Hurd et al reported that the IsdA, IsdB, and IsdH are not required for hemoglobin and heme-derived iron. Wright and Nair argued that IsdE is dispensable for heme acquisition. We suggest that the discrepancies between these 2 reports and the abundant data implicating the Isd system in heme-iron acquisition stem from the utility of the Isd system at low extracellular heme/hemoglobin concentrations not used in these 2 studies. Also, both of the aforementioned studies used hemoglobin stored in the lyophilized form, which is structurally compromised and contains significant free heme [36] [37] [38] . In contrast to hemoglobin purified from fresh blood, lyophilized hemoglobin appears as a diffuse smear when resolved on a native gel (Supplementary Figure 3) . Our data suggest that Isd is a high-affinity heme-iron acquisition system that has maximal utility at the low nanomolar concentrations of heme/hemoglobin, consistent with the predicted physiological concentrations of free heme and cell-free plasma hemoglobin of 30 and 150 nM, respectively [19, 39] . The role of isd in hemeiron acquisition may therefore be masked when heme-iron sources are applied in excess. The assays reported here were repeated in separate laboratories using independently generated mutants and reagents, each yielding similar results (Figure 2 and Supplementary Figure 1) . Therefore, these experiments have demonstrated the requirement for the S. aureus Isd components during hemoglobin-derived iron acquisition.
Previous studies have identified the motif within IsdH that is required for hemoglobin binding by this protein [18, 31] . Here we define a similar but not identical motif within IsdB that is required for hemoglobin binding to S. aureus in vivo (Figure 3) . Notably, this motif is absolutely conserved among 3277 S. aureus strains (Figure 4) , establishing it as a potential target for therapeutic inhibitors of hemoglobin binding. Further, we demonstrate that heme extraction and iron import are dependent on hemoglobin binding because IsdB Y165A , which is deficient in hemoglobin binding, fails to efficiently extract heme from hemoglobin in vitro and fails to provide S. aureus with iron required for growth ( Figure 5 and Supplementary Figure 1C and 1D ). This is consistent with a recent report that has demonstrated the requirement for a hemoglobin-binding domain of IsdH for heme extraction by IsdH [40] . Finally, it is demonstrated that hemoglobin-binding activity of IsdB is required for S. aureus pathogenesis in a murine model of systemic infection ( Figure 6 ).
Another staphylococcal pathogen, Staphylococcus lugdunensis, encodes an Isd system that is highly similar to that of S. aureus [41, 42] . In particular, S. lugdunensis IsdB contains an aromatic motif that is identical to the one described here. IsdB from both species displays a preference for human hemoglobin over mouse hemoglobin, which has important implications for the evolution of these organisms to infect their primary host [29, 42] . Hemoglobin binding activities of IsdX1 and IsdX2 of Bacillus anthracis have also been investigated [43, 44] . Interestingly, the residues that are responsible for the interaction of IsdX1 and IsdX2 with hemoglobin are not present in IsdB [43, 44] . Hemeiron acquisition systems have been identified in a number of evolutionarily distant Gram-positive pathogens including Bacillus cereus, Listeria monocytogenes, Corynebacterium diphtheria, and Streptococcus pyogenes [45] [46] [47] [48] . Therefore, the data presented may be broadly applicable across a variety of infectious diseases.
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